Activation of G-protein-coupled chemoattractant receptors triggers dissociation of G␣ and G␤␥ subunits. These subunits induce intracellular responses that can be highly polarized when a cell experiences a gradient of chemoattractant. Exactly how a cell achieves this amplified signal polarization is still not well understood. Here, we quantitatively measure temporal and spatial changes of receptor occupancy, G-protein activation by FRET imaging, and PIP 3 levels by monitoring the dynamics of PH Crac -GFP translocation in single living cells in response to different chemoattractant fields. Our results provided the first direct evidence that G-proteins are activated to different extents on the cell surface in response to asymmetrical stimulations. A stronger, uniformly applied stimulation triggers not only a stronger G-protein activation but also a faster adaptation of downstream responses. When naïve cells (which have not experienced chemoattractant) were abruptly exposed to stable cAMP gradients, G-proteins were persistently activated throughout the entire cell surface, whereas the response of PH Crac -GFP translocation surprisingly consisted of two phases, an initial transient and asymmetrical translocation around the cell membrane, followed by a second phase producing a highly polarized distribution of PH Crac -GFP. We propose a revised model of gradient sensing, suggesting an important role for locally controlled components that inhibit PI3Kinase activity.
INTRODUCTION
Chemotaxis, the directed movement of cells along gradients of chemoattractants, plays an important role in many physiological processes such as neuronal patterning, the recruitment of leukocytes to sites of infection, and cell aggregation in the life cycle of the social amoebae, Dictyostelium discoideum (Zigmond, 1978; Devreotes and Zigmond, 1988; Murphy, 1994; Segall, 1999; Meinhardt, 1999; Chung et al., 2001; Postma et al., 2004a Postma et al., , 2004b . Many of the key molecules and biochemical events regulating such responses have been identified. Chemoattractant signaling is mediated by seven-transmembrane receptors that are linked to heterotrimeric G-proteins (GPCR) (Devreotes and Zigmond, 1988; Murphy, 1994; Thelen, 2001; Devreotes and Janetopoulos, 2003) . Ligand binding to the receptors induces the dissociation of the G-proteins into G␣ and G␤␥ subunits. Free G␤␥ plays a role in the activation of PI3K, which phosphorylates inositol phospholipids of the inner plasma membrane (Stoyanov et al., 1995; Hazeki et al., 1998; Segall, 1999; Hirsch et al., 2000; Sasaki et al., 2000; Rickert et al., 2000; Stephens et al., 2002) . Phosphatidylinositol-4,5-diphosphate (PIP 2 ) is highly abundant and plays a key role in downstream effects of GPCR signaling because the product of its 3-phosphorylation by PI3K, PI(3,4,5)P 3 (PIP 3 ), stimulates cellular processes through its ability to bind proteins with pleckstrin homology (PH) domains and thereby recruit them to the plasma membrane (Kavran et al., 1998) , such as Cytosolic Regulator of Adenylyl Cyclase (CRAC) and protein kinase B (Akt/PKB; Insall et al., 1994; Parent et al., 1998; Meili et al., 1999; Servant et al., 2000) . The phosphatase PTEN acts as a direct antagonist of PI3K, dephosphorylating PIP 3 to generate PIP 2 (Liliental et al., 2000; Funamoto et al., 2002; Comer and Parent, 2002) .
The biochemical responses can show a high degree of spatial polarization if a cell experiences asymmetrical activation of chemoattractant receptors (Parent and Devreotes, 1999; Servant et al., 2000; Meili and Firtel, 2003) . Translation of small asymmetries in receptor occupancy into strong intracellular signaling polarity enables the cells to respond to very shallow gradients, as little as a 2% difference in chemoattractant concentration between the front and back of a migrating cell (Chung et al., 2001; Devreotes and Janetopoulos, 2003; Postma et al., 2004a Postma et al., , 2004b . Many proteins and lipids involved in chemotactic responses are distributed asymmetrically in chemotaxing D. discoideum amoebae and neutrophils that display clear morphological polarity (Zigmond et al., 1981; Comer and Parent, 2002; Xu et al., 2003) . In these cells, chemoattractant receptors are uniformly distributed on the cell surface (Xiao et al., 1997; Servant et al., 1999) , the G-protein ␤␥ subunits are localized in a shallow anterior to posterior gradient (Jin et al., 2000) , PI3K accumulates at the leading edge Article published online ahead of print in MBC in Press on November 24, 2004 (http://www.molbiolcell.org/cgi/doi/10.1091/mbc. E04-07-0544). □ D □ V The online version of this article contains supplemental material at MBC Online (http://www.molbiolcell.org).
2002; Wang et al., 2002) , PTEN is enriched at the trailing end (Funamoto et al., 2002; , PH domain-containing proteins translocate from the cytosol to the plasma membrane at the leading front (Parent et al., 1998; Meili et al., 1999; Servant et al., 2000) , and some small Gproteins localize in either the leading edge or the trailing end (Xu et al., 2003) . As a consequence, the front of a polarized cell shows greater responsiveness to attractant than do the sides and the trailing end (Zigmond et al., 1981; Jin et al., 2000; Funamoto et al., 2002; , and uniform stimulations can trigger localized PIP 3 increases (Postma et al., 2003 (Postma et al., , 2004a (Postma et al., , 2004b .
Treatment with latrunculin, an inhibitor of actin polymerization, eliminates preexisting morphological polarity and also prevents cell movement. However, the ability to detect chemoattractant gradients is preserved (Parent et al., 1998; Jin et al., 2000) . This allows analysis of the gradient sensing machinery in the absence of preexisting asymmetries in the distribution of key signaling components. Studies in D. discoideum amoebae have shown that receptors and G-proteins are uniformly distributed around the perimeter of latrunculin-treated cells and all points around the perimeter are almost equally sensitive to cAMP, a chemoattractant for D. discoideum. On spatially uniform cAMP exposure, PH domain-containing proteins evenly translocate to the plasma membrane and then quickly return to the cytosol (a process termed adaptation). In a cAMP gradient, although distributions of the receptors and G-proteins remain the same, some PH domain-containing proteins are localized to the membrane in a polarized manner (Xiao et al., 1997; Parent et al., 1998; Jin et al., 2000; Janetopoulos et al., 2004) .
Models have been proposed to explain how cells achieve such adaptation to uniform increases in chemoattractant concentration while displaying persistent, spatially polarized responses to gradients (Parent and Devreotes, 1999; Postma and Van Haastert, 2001; Levchenko and Iglesias, 2002; Rappel et al., 2002; Devreotes and Janetopoulos, 2003) . Two key questions remain to be answered: At which step of the signal transduction pathway are slight differences in concentration of a chemoattractant across the cell body amplified into sharply localized biochemical responses, and what is the dynamic process of the signal amplification when a cell initially expose to a gradient?
In this study, we analyzed the dynamics of key aspects of the gradient sensing pathway in single living cells using confocal fluorescence microscopy with high spatio-temporal resolution. We found that cAMP stimulation induced a local and concentration-dependent activation of G-proteins around the cell membrane and that G-proteins remained dissociated at a steady-state level as long as cAMP was present. Analysis of cells suddenly exposed to a steady cAMP gradient revealed a two-step process of gradient sensing, consisting of first rapidly "switching on" the gradient sensing machinery and then more slowly "amplifying" differences in receptor occupancy to achieve a highly polarized PH Crac -GFP distribution. These new findings lead to a modified scheme of gradient sensing that can account for the observed temporal and spatial dynamics of PH Crac -GFP and provides the foundation for further quantitative modeling.
MATERIALS AND METHODS

Cell Lines and Cell Growth and Differentiation
The D. discoideum cell line expressing both G␣ 2 CFP and YFPG␤ subunits, which was described previously (Janetopoulos et al., 2001) , was cloned by limiting dilution to obtain high CFP-and YFP-expressing cell lines. Newly obtained cell lines designated as G cells were cultured axenically in D3-T Basic Media containing 20 g/ml geneticin (Sigma, Steinheim, Germany). To establish a PH Crac -GFP-expressing cell line, wild-type (AX2) cells were transformed with a linearized integration vector carrying a cassette encoding PH Crac -GFP and the blasticidin S resistance gene. Transformants were selected in D3-T Basic Media (KD Medical, Columbia, MD) containing 10 g/ml blasticidin S sulfate (Invitrogen, Carlsbad, CA) and cloned by limiting dilution. Cell clones with a high level of cytosolic PH Crac -GFP expression were selected, and their functionality and experimental utility were examined by cAMP-mediated chemotaxis and cAMP-trigged PH Crac -GFP translocation. The resultant cell lines were designated as JAX and called PH cells in this study. Cell maintenance, transformation and development to the chemotactic stage were carried out as previously described (Jin et al., 2000) . Before being observed, the cells were treated with 2.0 M latrunculin B (Molecular Probes, Eugene, OR).
Live Cell Imaging and Microscopic Analyses with LSM 510 META
Differentiated cells (2 ϫ 10 4 ) were plated on a four-well chamber for uniformly applied stimulation and a one-well chamber for the microinjector delivered cAMP stimulation (Nalge Nunc International, Naperville, IL), allowed to adhere to the cover glass for 10 min and then covered with DB buffer. Live cells were imaged using a Zeiss Laser Scanning Microscope (Thornwood, NY), LSM 510 META, with a 40ϫ NA 1.3 or 60ϫ NA 1.4 oil Dic Plan-Neofluar objective. To monitor cAMP and PH Crac -GFP, the specimen were excited with two laser lines, 488 nm for GFP and 543 nm for Alexa 594, a water-soluble fluorescence dye. Images were simultaneously recorded in three channels: channel one: fluorescent emissions from 505 to 530 nm for GFP (green); channel two: emissions from 580 to 650 nm for Alexa 594 (red); channel three: DIC.
Generation and Measurement of Applied cAMP Stimulations
Live cells were imaged during stimulations with a uniform concentration, an asymmetrical increase, or a steady gradient of cAMP. The temporal-spatial intensity changes of Alexa 594 and PH Crac -GFP in cells were directly imaged using a confocal microscope with Z-axis resolution of ϳ1-2 m. Fluorescence intensities of Alxea 594 and GFP within the focal plane were simultaneously recorded in two different channels. To apply a uniform stimulation, 100 l of a mixture of cAMP and Alexa 594 hydrazide sodium salt (0.1 g/l; Molecular Probes) was dropped on top of cells placed in a four-well chamber (Nalge Nunc International) and covered with 400 l DB buffer. Under this experimental condition, during the first minute, cells were uniformly exposed to a cAMP concentration that was about 2.5-fold of the final concentration. For other stimulations, cells were plated in a one-well chamber and covered with 6 ml DB buffer. To establish a steady gradient, we set FemtoJet (FemtoJet and micromanipulator 5171, Eppendorf, Germany) with Pc ϭ 70 and Pi ϭ 70 to ensure the injection of a constant and small volume of cAMP and Alxea 594 into a one-well chamber. Under this condition, a stable gradient was established within 100 m around the tip of the micropipette (Supplementary Figure S2) . To suddenly expose a cell to a stable gradient, a micropipette filled with a mixture of cAMP and 0.1 g/l Alexa 594 linked with a FemtoJet was positioned 1000 m away from the cells and then was quickly moved to a position within 100 m to the cells. During the experiments, we only changed the distance between the micropipette and the cells. The speed of the movement determines how fast a stable gradient can form around a cell. To generate a brief asymmetrical stimulation, a small volume of cAMP mixture was injected into the chamber by applying a pressure on the microinjector for 3 s. In the fluorescence resonance energy transfer (FRET) experiments, where the cAMP was not monitored, we applied the same conditions to ensure similar stimulations.
FRET Measurement
FRET allows us to examine the activity of biologically active proteins by detecting changes in conformation of a protein or in the interaction of two proteins that have been tagged with a FRET donor/acceptor pair, such as CFP and YFP (Adams et al., 1991; Miyawaki, 2003; Sekar and Periasamy, 2003) . Using a spectral confocal fluorescence microscope, we used two methods to measure FRET that indicate dissociation of G␣ 2 CFP and YFPG␤: first, measuring intensity decrease of acceptor (YFP) and increase of donor (CFP) in response to stimuli. This method measures cAMP-induced temporal G-protein dissociations in single living cells. We monitored intensity changes of CFP (donor) and (YFP) acceptor after a stimulation using a time-lapse acquisition of Lambda Stacks. The cells were excited with a 454-nm laser-line, and the spectral emissions in each pixel of the fluorescence images were simultaneously recorded in eight channels, each with a 10-nm width, from 464 to 544 nm. To separate multifluorescence signals, each of the fluorescence images was collected using Lambda Stack acquisition. The spectral emissions of fluorescence images were simultaneously recorded in a CHS-1 from 464 to 544 nm. The spectra of the cells expressing CFP, YFP, or GFP only were obtained and used as the references for the Linear Unmixing time-lapse experiments were measured, normalized, and expressed as a function of time in responses to cAMP stimulations, using the software of LSM510 META. Second, measuring intensity increase of the donor (CFP) flowing photobleaching the acceptor (YFP). This method measures FRET efficiency that reflects relative levels of heterotrimeric (inactive) G-proteins in the front and back of cells that are exposed to cAMP gradients. After photobleaching YFP, the increase, or dequenching, of CFP emission is a direct measure of FRET efficiency. If FRET occurs, CFP emission will be quenched by YFP before it is photobleached, and the real CFP intensity can only be measured after photobleaching YFP. The efficiency of energy transfer E can be determined from the relative fluorescence intensity of the energy donor (CFP) in the absence, postbleaching (I post ), and the presence, prebleaching (I pre ), of the energy acceptor (YFP). E ϭ 1Ϫ (I pre /I post ). By photobleaching acceptor (YFP), we can record I post after and I pre before bleaching and calculate FRET efficiency. In the time series, the cells were first excited with the 454-nm laser at ϳ7.5% power to limit photobleaching. After recording fluorescence intensities of the cells three times, the entire G cell was illuminated with 100% 514-nm laser power 20 -30 times to photobleach YFP and then excited with the 454-nm laser to record spectral images three more times. To determine the contribution of CFP and YFP in each pixel of the image and to obtain fluorescence images of each fluorophore, the spectrally resolved images of each time-lapse acquisition of Lambda Stack were processed using the Linear Unmixing Function of LSM510 META. The intensities of each fluorophore in the regions of interest in the time-lapse experiments were measured, normalized, and expressed as a function of time using the software of LSM510 META.
Imaging and Data Processing
Images were processed and analyzed by the LSM 510 META software and converted to TIFF files by the Adobe Photoshop software (San Jose, CA). All frames of any given series were processed identically. Selected frames of the series were assembled as montages using the Photoshop 7.0. Quantification of fluorescence intensities of Alexa 594, GFP, CFP, and YFP in the regions of interest was performed using the LSM 510 META software.
RESULTS
Simultaneously Visualizing cAMP Stimulation and PH Crac -GFP Translocation
An increase in Dictyostelium cAMP receptor occupancy activates a signal transduction pathway leading to a transient membrane translocation of PH Crac -GFP Parent et al., 1998) . PIP 3 serves as the binding site for PH Crac -GFP, with the levels of inner membrane leaflet PIP 3 regulated by local opposing activities of PI3K and PTEN . The cAMP-triggered PH Crac -GFP translocation is fast and transient, peaking within a few seconds and returning to prestimulus levels in 30 s (Parent et al., 1998) . However, cAMP concentrations across the cell and PH Crac -GFP translocation had never been simultaneously imaged, and therefore the relationship between the amount of cAMP that reaches various regions of the cell surface and the temporal responses of PH Crac -GFP in these regions was not known. We simultaneously measured both cAMP concentration and PH Crac -GFP membrane translocation in single living cells, using a confocal fluorescence microscope in fast time-lapse experiments (Figure 1) .
Cells expressing PH Crac -GFP, designated as PH cells, were first allowed to differentiate to the chemotactic-competent stage, and were then treated with latrunculin to eliminate morphological cell polarization and migration. To directly visualize and measure the spatial and temporal distribution of the applied chemoattractant, we mixed cAMP with Alexa 594, a hydrophilic fluorescence dye with similar diffusion properties as cAMP and determined cAMP concentrations based on the fluorescence intensity in medium surrounding the cells. On the addition of cAMP to a cell chamber, the red signal reached the cell surface from all directions in less than 1 s and the intensity was uniform in the field. Thus, addition of cAMP resulted in an immediate and uniform exposure of the cell to cAMP (10 nM; Figure 1 , A-C). The cAMP induced a transient translocation of PH Crac -GFP from the cytosol to the membrane. The translocation of PH Crac -GFP started upon exposure to extracellular cAMP, reached its maximum in ϳ10 s, and declined to the basal level in less than 30 s ( Figure 1A) . A quantitative analysis demonstrated that the kinetics of intensity changes in the membrane-associated and cytosolic PH Crac -GFP pools were inversely related (Figure 1E) , indicating that there is a transient and quantitative translocation of PH Crac -GFP from the cytosol to the membrane. PH Crac -GFP returned to the cytosol while the cell was still exposed to cAMP and the receptors were still occupied ( Figure 1 , A and C). The time from the addition of the stimulus to the peak of the response was designated as T max , and the maximal level of a transient response was measured as maximum difference R max between the levels of cytosolic PH Crac -GFP before and after application of the stimulus ( Figure 1E and Supplementary Figure S1 ).
Covisualizing cAMP-triggered Activation of G-proteins and PH Crac -GFP Translocation in Single Living Cells
Dissociation of heterotrimeric G-proteins triggered by the binding of cAMP to a cAR1 receptor is the first excitation event leading to PH Crac -GFP translocation (Jin et al., 1998; Parent et al., 1998) . G-protein dissociation can be monitored using FRET changes between G␣ 2 CFP and YFPG␤ (Janetopoulos et al., 2001) . To relate the spatio-temporal changes in cAMP exposure to the resulting G-protein dissociation, and to PIP 3 accumulation (as reflected by PH Crac -GFP relocalization), it would be ideal to measure these events in a single cell. However, because of the technical difficulty in accurately and simultaneously measuring intensity changes of CFP, YFP, and Alexa 594, we first determined the dynamics of PH Crac -GFP translocation to the membrane while also analyzing the field of applied cAMP ( Figure 1 ). We then measured both G-protein dissociation by FRET and PH Crac -GFP translocation, using the dynamics of PH Crac -GFP as an indicator of the cAMP stimulation ( Figure 2 ). Because the FRET signal between Ga 2 CFP and YFPG␤␥ is weak and the GFP spectrum overlaps the spectra of CFP and YFP, it was necessary to image the two signaling steps in separate cells in order to obtain precise FRET measurements. FRET changes between G␣ 2 CFP and YFPG␤␥ were revealed in one latrunculin-treated cell (G cell), and the membrane translocation of a GFP-tagged PH domain fusion protein was monitored in a nearby latrunculin-treated cell (PH cell), which was within 10 m of the G cell and thus exposed to the same cAMP stimulus (Figure 2 , B and C). In these cells, both the cAMP receptors and the G-protein subunits are uniformly distributed on the cell membrane ( Figure 2B ; Xiao et al., 1997; Jin et al., 2000) . We excited the cells with a 454-nm laser line and acquired spectral images in 8 channels from 464 to 534 nm with approximately a 1-s interval between each successive image. Each pixel of the image contains data corresponding to an emission spectrum resulting from both CFP and YFP fluorescence in the G cell, and from GFP in the PH cell. Spectrally resolved time-lapse images of a G cell and a neighboring PH cell were acquired upon stimulation by a uniform field of cAMP added at time 0. Under these conditions, PH Crac -GFP transiently translocated from the cytosol to the plasma membrane ( Figure 2 , B and E). G-protein dissociation was assessed as a loss of FRET, detected as a (donor) CFP intensity increase and a simultaneous (acceptor) YFP intensity decrease (Figure 2 , B, F, and G). The digitally separated CFP and YFP channels of the G cell showed a clear increase in the CFP signal and a corresponding decrease in the YFP signal around the entire cell membrane with time after exposure to cAMP ( Figure 2B ). The emission spectra across the entire membrane demonstrated a cAMP-triggered FRET loss ( Figure 2D ), which was similar in magnitude to the spectral changes measured previously in a population of cells using a spectral fluorometer (Jane- Figure 2E ), whereas G␣ and G␤␥ remained dissociated, indicating that an inhibitory process affecting the binding sites of PH Crac -GFP is regulated by a mechanism other than G-protein reassociation.
Relationship between cAMP Concentration and the Time to Maximum PH Crac -GFP Translocation and G-protein Activation
To relate how different degrees of cAMP receptor activation affect the duration and the magnitude of the transient PIP 3 levels on the cell membrane, we determined the kinetics of PH Crac -GFP translocation responses of cells stimulated with a high (1 M) and a low (10 nM) cAMP concentrations ( Figure 3A) . The time required for reaching the maximal response, T max , and the maximal level of a response, R max , were further determined in multiple experiments with multiple cells exposed to three final concentrations of cAMP: 1, 10, and 100 nM that is close to the K d for cAMP binding to the receptor (Johnson et al., 1992) . Means of T max for stimulation of 1 nM (n ϭ 24), 10 nM (n ϭ 28) and 100 nM (n ϭ 29) are 11.2; 10.13, 7.04 s, respectively; and means of R max are 0.68, 0.64, 0.66, respectively (Supplementary Table 1 ). These results demonstrated that a higher degree of receptor activation resulted in a transient response that reaches its maximal level faster. The smaller T max for the higher concentration is consistent with the faster adaptation observed in Figure 3A , i.e., a faster return of PH Crac -GFP to cytosol after membrane translocation. Interestingly, different doses of uniformly applied cAMP triggered similar levels of maximal PIP 3 production on the membrane.
We then measured G-protein activation in response to different chemoattractant concentrations in entire membranes of individual cells by monitoring cAMP-triggered FRET losses between the G␣ 2 CFP and YFPG␤. Stimulation with increasing concentrations of cAMP (1 nM, 100 nM, and 10 M) led to increased FRET loss, indicating that a higher degree of receptor activation resulted in a higher level of G-protein activation in single living cells ( Figure 3B ). To further confirm our results, we measured G-protein activation in one G cell and PH Crac -GFP translocation in one PH cell in response to two concentrations of uniformly applied cAMP. The cells were first stimulated with a low dose (1 nM), washed with buffer to remove cAMP, settled for at least 6 min to allow for complete recovery, and then exposed to a higher concentration of cAMP (100 nM; Figure 3 , C and D). cAMP, 1 nM, triggered very little detectable G-protein dissociation, whereas stimulation with 100 nM cAMP robustly activated G-proteins ( Figure 3C ). Both cAMP concentrations triggered PH Crac -GFP translocation responses, and the higher dose stimulated a slightly greater peak and a considerably faster rise in PH Crac -GFP recruitment to the membrane ( Figure 3D ). These results showed that receptor occupancy regulates the level of G-protein activation and a higher activation of G-proteins leads to a smaller T max of PH Crac -GFP translocation, suggesting that a larger increase in receptor occupancy results not only in a higher level of an excitation process but also a more rapid and robust elevation of an inhibitory process, causing the transient response to reach its maximal level faster (see Discussion for more detailed interpretation).
A Wave of cAMP Stimulation Induces a Transient and
Asymmetrical PH Crac -GFP Membrane Translocation and a Local and Dose-dependent Activation of G-proteins Cells usually encounter asymmetrical stimulation. What is the initial response when a naïve, unpolarized cell is exposed to a sudden asymmetrical stimulation? We first determined the kinetics of PH Crac -GFP membrane translocation in different regions of the cell while simultaneously monitoring the applied stimulus. A micropipette filled with a mixture of cAMP and dye (Alexa 594) was placed next to PH cells. By applying pressure to a microinjector linked to the micropipette, a small volume of the mixture of cAMP and the dye was released at time 0, and a wave of chemoattractant swept across the chamber. A cAMP wave induced transient and asymmetrical translocations of PH Crac -GFP in PH cells (Figure 4 and Supplementary Video video8.avi). PH Crac -GFP membrane translocations were analyzed in the selected membrane regions PH-F, PH-M, and PH-B as the front, middle, and back, respectively, of a single cell ( Figure  4B ), and the extent of cAMP exposure to these regions was determined as the intensity changes of the dye in the same front, middle, and back regions (DF, DM, and DB; Figure 4 , B and C). Quantitative analyses showed the peak value of DF was about twice that of DB ( Figure 4C ), indicating that the maximal cAMP concentration at the front region of the cell was nearly twice that found at the back region. PH Crac -GFP translocated to the front, the middle, and the back regions of the membrane, and the maximal level of PH Crac -GFP membrane association in each region of the cell mem- Means Ϯ SE are shown as temporal changes in the G-protein dissociation at the cell membrane after stimulation by 1 nM (f, n ϭ 6), 100 nM (OE, n ϭ 3), and 10 M (F, n ϭ 5). (C) and (D) One PH and one G cell were first stimulated with 1 nM cAMP and then exposed to 100 nM cAMP. Before the second stimulation, the cells were washed with buffer to remove previously added cAMP and were allowed to recover for 10 min. (C) The graph shows CFP intensity changes on the membrane after stimulation with a low dose (1 nM, gray) or a high dose (100 nM, black) of cAMP. (D) PH Crac -GFP association with the entire cell surface membrane in response to a low dose (1 nM, gray) and a high dose (100 nM, black). Similar results were obtained in more than 10 experiments (another example is shown in Supplementary Figure S1 , B and C).
brane (the peak value of PH-F, PH-M, and PH-B in Figure  4C ). We further quantified the relationship between the peak value of cAMP stimulation and the peak value of the PH Crac -GFP membrane association in different regions of the cell membrane ( Figure 4D ). The results demonstrated that a directional stimulation of a cAMP wave triggered a crescentshaped transient membrane pattern of PH Crac -GFP and the crescent can be used as a directional indicator for the oncoming cAMP wave.
Using the same experimental design, we measured the spatial and temporal activation of G-proteins in a G cell stimulated with a transient directional stimulus of cAMP by FRET changes and related the activation of G-proteins to the recruitment of PH Crac -GFP in a nearby PH cell ( Figure 5 ). Transient membrane accumulation of PH Crac -GFP in the PH cell was used to monitor the cAMP stimulation ( Figure 5A) . The dissociation of G-proteins in regions of the front and back of the G cell was quantified ( Figure 5, A and B) , and the responses of PH Crac -GFP membrane translocation were also simultaneously measured in the front and back regions of the neighboring PH cell ( Figure 5, A and C) . The front and back regions of the cells that were analyzed were selected to show similar mean intensities at time 0: CFP for G cells and GFP for PH cells. The cAMP-triggered responses were normalized as the ratio of the mean intensity at any given time (I t ) to that of time 0 (I 0 ), I t /I 0 CFP for G-protein dissociation ( Figure  5B ) and I t /I 0 GFP for PH Crac -GFP translocation ( Figure  5C ). The kinetics of the PH Crac -GFP translocation responses in the front and back regions of the PH cell indicated that the cells were exposed to a transient and asymmetrical cAMP stimulation. This stimulation resulted in G-protein activation in both the front and back regions of the G cell ( Figure 5, B and D) . The extent of G-protein dissociation was higher in the front than in the back region ( Figure 5 , B and D), as expected from the asymmetric cAMP concentration at the two poles of the cell. These data provide direct evidence that G-proteins are activated to different extents within distinct domains of a cell's perimeter in response to a transient and directional stimulus, validating the local G-protein excitation hypothesis that is an essential component of current gradient sensing models (Parent and Devreotes, 1999; .
The Sensing Machinery Spatially Amplifies a Stable cAMP Gradient into Localized PH Crac -GFP Membrane Association
Previous studies have demonstrated that when unpolarized cells are exposed to a stable gradient for several minutes, the differences in receptor occupancy across the cell surface lead to persistently higher PH Crac -GFP membrane association at the side facing the source of cAMP (Parent et al., 1998; Jin et al., 2000) . To quantitatively relate the local strength of cAMP to the levels of membrane-associated PH Crac -GFP in the front and back regions of a stably polarized cell, we placed the latrunculin-treated PH cells into a gradient for several minutes and then measured both the extracellular cAMP gradient and the intracellular distribution of PH Crac -GFP ( Figure 6, A and B) . Our analyses showed that when previously unpolarized cells were exposed to a cAMP gradient (steepness: 23 Ϯ 1.4% difference across the cell diameter, n ϭ 6, in Figure 6C ), the front membrane region accumulated more than twice of the amount of PH Crac -GFP as did the back (ratio between front and back is 2.5 Ϯ 0.27, n ϭ 6, difference between the front and back is around 150 Ϯ 27% shown in Figure 5C ). The data indicate that there is a substantial spatial amplification from the difference in cAMP concentration to PH Crac -GFP membrane localization in a latrunculin-treated cell positioned in a chemoattractant gradient (with a steepness of ϳ23%).
We next measured the steady-state level of inactive (heterotrimeric) G-proteins in latrunculin-treated G cells residing in stable cAMP gradients with similar steepness (Figure 6 D) . We previously measured cAMP-induced G-protein dissociation by monitoring the FRET donor (CFP) intensity increase and the acceptor (YFP) intensity decrease in response to stimulation. To compare the difference in the steady-state levels of G-protein activation in the front and back regions of a G cell, we applied acceptor photobleaching (or donor dequenching) method to measure the level of stable, associated G␣ 2 CFP and YFPG␤␥, the inactive form of the G-proteins by measuring the intensity increase of the donor (CFP) after photobleaching the acceptor (YFP). FRET efficiency is defined as 1 Ϫ (I pre /I post ), where I post is the intensity of the donor (CFP) after photobleaching and I pre is the intensity of the donor (CFP) before photobleaching (Lippincott-Schwartz et al., 2001; Gu et al., 2004) . FRET efficiency reflects the amount of inactive G-proteins in the selected front (Ⅺ) and back (f) regions of G cells ( Figure  6E ). After photobleaching YFP in the entire G cell, CFP emission increases were detected in both the front and back regions of the G cell ( Figure 6D ). Our quantitative analysis showed that the average FRET efficiency was lower in the front surface region than in the back region in cells residing in stable gradients of both cAMP concentrations; and the proportion of inactive G-protein decrease in both the front and back of cells in a gradient with similar steepness by a higher concentration of cAMP (Figure 6E ). Because G-protein subunits are uniformly distributed on the membrane of latrunculin-treated cells exposed to a cAMP gradient, the amount of active G-protein is inversely related to the amount of inactive G-protein in a region. Our results indicated that there is a difference in the steady state of active G-proteins between the front and back of cells exposed to gradients.
Dynamic Process of Signal Amplification in a Cell Exposed to a Stable cAMP Gradient
To investigate the dynamics of the amplification of differences in receptor occupancy between the front and back of the cell, we abruptly exposed naïve cells to a stable cAMP gradient and measured the dynamics of PH Crac -GFP translocation and G-protein activation in the front and back regions of the cell membrane. To do so, a micropipette filled with a mixture of cAMP (1 M) and dye was first placed roughly 1 mm away from latrunculin-treated cells and then quickly moved to within 10 m of the cells to rapidly establish a steady gradient. We measured the fluorescence intensity of the dye in the front and back regions of the cell and found that a stable gradient was quickly established around the cell (Figure 7 , B and C). After the cell was exposed to the gradient, membrane translocations of PH Crac -GFP occurred initially in both the front and the back regions of the cell surface, reached maximal levels within 11 s and then declined by 40 s (Figure 7, A and D) . The peak intensity in the front region was higher than in the back region of the cell and correlated with the magnitude of the difference in the cAMP concentration at the two poles of the cell ( Figure  7, A and D) . Surprisingly, continued exposure of the cell to the gradient for about a minute led to a second increase in the amount of membrane-associated PH Crac -GFP at the front of the cell that exceeded the initial response at this location. In contrast, membrane-associated PH Crac -GFP at the back of the cell showed no second increase and remained at a low steady state level (Figure 7, A and D) ; The slight decrease of GFP intensity over time is caused by photobleaching). The experiments, which were repeated nine times (Supplementary Figure S3 and Supplementary Video video6.avi show two other examples), revealed that previously not documented two-step process is involved in establishing the highly asymmetric steady-state distribution of PH Crac -GFP in a cell exposed to a gradient. Interestingly, a gradient with a similar steepness but a lower cAMP concentration triggered a dynamic process of PH Crac -GFP response with different temporal-spatial characteristics (Figure 8 ). Membrane translocations of PH Crac -GFP occurred in the front but barely in the back. Therefore, the maximal levels of PH Crac -GFP membrane association of the initial response in the front and back displayed a bigger difference. In addition, the membrane associated PH Crac -GFP at the front hardly declined after the initial response and the second increase started earlier ( Figure 8A ) compared with that generated under a higher concentration of cAMP ( Figure 8B ).
Using the same experimental design, we measured Gprotein activation in a G cell and simultaneously monitored PH Crac -GFP response in the front region of a nearby PH cell as an indicator of the cAMP gradient (Figure 9) . A micropipette filled with cAMP was quickly moved to the upper middle of the two cells at time 0 s. The amount of membrane-associated PH Crac -GFP in the front region of the PH cell increased, reached a peak in 20 s, declined, started a second phase of increase at 45 s, and reached another high steady state at about 80 s, as observed in the previous experiment. In response to the same stimulation, G-protein activation occurred in both the front and back regions of the G cell and the activation was slightly higher in the front than in the back of the cell after a 20-s exposure to the gradient ( Figure 9, A and C) . Dissociated G-proteins remained at steady levels in both the front and back of the G cell ( Figure  9C ) during the second increase of PH Crac -GFP, in which additional binding sites for PH Crac -GFP were only generated in the front of the PH cell experiencing the highest concentration of cAMP ( Figure 9B ). Similar results were obtained from five independent experiments (Supplementary Figure  S4 shows another example). We measured G-protein activation in cells that were suddenly exposed to cAMP gradients with different steepness but similar cAMP concentrations in the front of the cells (Figure 9, D and E) . In responses to similar cAMP concentrations, G-proteins in the front regions were activated to similar levels ( Figure 9 , D and E). However, in the back regions, G-protein activation was clearly lower, after reaching steady states, in the steeper gradient (with a steepness of ϳ100%) because of a much lower local cAMP concentration ( Figure 9D ). Therefore, in a steeper gradient, the difference in G-protein activation between the front and back of cells was bigger (estimated ϳ130%; Figure  9D ) than that difference (estimated ϳ19%) measured by shallower gradients (with a steepness of ϳ20%; Figure 9E ). These results suggested that extent of G-protein activation in difference regions of a cells surface was determined by the local concentration of cAMP.
DISCUSSION
The central question driving chemotaxis research is how an external chemoattractant gradient is translated into a steep intracellular gradient of certain signaling components, leading to morphological cell polarization and directional cell movement. Determining the detailed spatiotemporal patterns of intracellular localization and activation of the components of the chemotactic signaling pathway is essential for answering this question. Here, we have reported advances in live-cell fluorescence microscopy that allowed us to measure the applied chemoattractant concentration, the degree of G-protein activation by FRET imaging, and changes in the level and distribution of PIP 3 in single living cells with the needed high temporal and spatial resolution. Our study is consistent with the expectation that the extent of G-protein activation in different regions of the cell surface reflects the local extracellular cAMP concentration. We found that a higher level of uniformly applied cAMP stimulation triggers not only a stronger G-protein activation but also a faster adaptation. Using a new method that allowed us to abruptly expose naïve cells (which have not experienced chemoattractant) to stable cAMP gradients in a controlled manner, we found that G-proteins were persistently activated at the entire cell surface under this condition, whereas PIP 3 accumulation in the front of the cell displayed an unexpected biphasic temporal pattern. Details of the behavior of PIP 3 suggest modifications of current gradient sensing models (Postma and Van Haastert, 2001; Iglesias and Levchenko, 2002; Rappel et al., 2002; Devreotes and Janetopoulos, 2003) , and we propose a modified model involving signal-dependent locally recruited inhibitors of PI3K activity to account for the observed dynamics of PIP 3 .
G-protein Activation on the Cell Surface Depends on the Strength of Local Extracellular Stimuli
Previous studies have shown that both cAMP receptors and G-protein ␤ subunits are uniformly distributed along the perimeter of unpolarized cells (Xiao et al., 1997; Servant et al., 1999; Jin et al., 2000) and that receptor occupancy reflects the local external concentration of chemoattractant (Ueda et al., 2001) . cAMP-dose-dependent G-protein activation had previously only been measured as FRET changes in a population of cells (Janetopoulos et al., 2001) . Based on the kinetics of FRET change, it was proposed that G-protein activation reflects the local extracellular cAMP concentration Devreotes and Janetopoulos, 2003) . This assumption has been a major component in models of chemotactic gradient sensing, but direct measurement of G-protein activation had not been carried out at the single cell level. In this study, temporal and spatial activation of G-proteins in single living cells exposed to various chemoattractant fields was directly visualized and measured for the first time. We found that the level of G-protein activation on membrane of the uniformly stimulated cells depends on cAMP concentrations (Figure 3) . In response to asymmetrical cAMP stimulations, a higher degree of G-protein activation occurs in the front of a cell where the local receptor occupancy is higher than that in the back (Figures 5, 6, and 9 ). We measured G-protein activities of single cells that were exposed to gradients with similar steepness but two different cAMP concentrations ( Figure 6 ) and gradients with similar concentration but two different steepness (Figure 9 ). When cells were exposed to a gradient (with a steepness of ϳ20%), the degree of G-protein dissociation was ϳ19% higher in the front than in the back side of the cells (Figure 9E ), and the relative difference in PH Crac -GFP distribution between the front and back was ϳ150% (Figure 6 ), which is independent of cAMP concentration (Xu and Jin, unpublished data and Janetopoulos et al., 2004) , indicating that cells are able to spatially amplify the difference in G-protein activation into the PH Crac -GFP membrane localization. Furthermore, by determining spatial-temporal dynamics of G-protein activation and PH Crac -GFP membrane translocation in cells that were suddenly exposed to gradients, our study revealed that the process that is responsible for the spatial signal amplifica- tion occurs with a significant time lag after initial changes in receptor occupancy and G-protein activation, suggesting that activation of G-proteins provides a simple, intracellular translation of the external gradient and the amplification of the external gradient must hence be achieved further downstream in the signaling pathway. Our results are consistent with the idea that the extent of G-protein activation in different regions of the cell surface reflects the local cAMP receptor occupancy Devreotes and Janetopoulos, 2003) .
A Higher Dose of Homogeneously Applied Chemoattractant Leads to Faster Adaptation
Models of chemotactic gradient sensing need to account for two aspects of cellular behavior: i) transient activation, followed by adaptation when cells are exposed to uniform increases in chemoattractant concentration (as seen in the transient nature of PH Crac -GFP translocation to the plasma membrane) and ii) development of strong intracellular biochemical asymmetry in response to chemoattractant gradients. A "local excitation, global inhibition" model has been proposed to explain these behaviors (Parent and Devreotes, 1999) , according to which the extent of receptor activation determines the strengths of two opposing processes: a local excitatory one and a global inhibitory one. The balance of these two processes is assumed to control the activities of two enzymes with opposing chemical functions, PI3K (a kinase) and PTEN (a phosphatase). Changes in this balance lead to alterations in PIP 3 levels on the inner cell membrane. Local excitation, reflecting local levels of receptor occupancy, increases the recruitment and activation of PI3K and decreases membrane-bound PTEN, whereas the proposed global inhibition, determined by the cell's average receptor occupancy, deactivates PI3K and promotes reassociation of PTEN with the membrane Janetopoulos, 2003, Janetopoulos et al., 2004) .
Although there seems to be general agreement that the primary intracellular stimulus is provided through G-protein activation and that excitation involves activation of PI3K, the biochemical components responsible for the inhibitory process are currently unknown. Consequently, we can only indirectly draw inferences about the nature of those components by measuring the effects of their activities. To investigate the relationship between stimulus strength and the speed at which inhibition induces adaptation, we exposed cells to different doses of homogeneously applied cAMP. We reasoned that if excitation rises quickly and plateaus, and the effects of inhibition increase more slowly after receptor activation, then initially PIP 3 levels would increase until at some point (T max ) the activities of PI3K and PTEN would be equally strong and the net change in the level of PIP 3 would be zero. Further increase of the inhibitory components would then cause PIP 3 to decrease. A smaller T max after a stronger uniform stimulus would there- fore occur if the stronger stimulus not only led to a higher excitation but also to a faster induction of strong inhibitory processes. We found that exposing cells to a higher concentration of cAMP increased the level of G-protein activation and indeed shortened T max . This finding, together with the fact that the amplitude of the PIP 3 response showed only a weak dependence on the strength of the applied stimulus, reveals the cells' ability to robustly respond and quickly adapt to a wide range of stimulus strengths due to a finetuned interplay between excitation and inhibition.
A Gradient-induced Biphasic Response of PIP 3 in the Front Side of a Cell Suggests Asymmetrical Recruitment of Inhibitors to the Membrane Several attempts have been made to predict the spatiotemporal patterns of G-protein activation and PIP 3 accumulation at the front and back sides of a cell that is abruptly exposed to a stable cAMP gradient (Postma and Van Haastert, 2001; Iglesias and Levchenko, 2002; Rappel et al., 2002; Devreotes and Janetopoulos, 2003) . Temporal changes in PIP 3 levels are predicted to display a simple peak in both the front and back of the cell according to these recent models: After exposure to a gradient, PIP 3 accumulation is assumed to first occur at both ends, to reach a maximum, and then to decline to reach different steady-state levels in distinct parts of the cell. A global, stimulus-dependent inhibition, is assumed to act equally everywhere on the cell membrane suppressing the response in the back, but much less in the front of the cell where the excitatory stimulus is stronger. In contrast to these predictions, we found that PIP 3 accumulation at the front of cells exposed to such a sudden, stable gradient did not persistently remain at a high level after the onset of stimulation. Instead, it decayed after an initial peak and subsequently went through a slower, longer-lasting second phase of increase, followed by a second, attenuated decay. This secondary rise did not occur at the back side of the cell. Recent studies have shown that a uniform cAMP stimulation induces a temporal biphasic translocation response of PH Crac -GFP to the plasma membrane in polarized and even in latrunculin-treated D. discoideum cells (Postma et al., 2003 (Postma et al., , 2004a (Postma et al., , 2004b . After a rapid and transient translocation of PH Crac -GFP to nearly the entire plasma membrane, multiple self-organizing PH Crac -GFP patches form in various regions of the membrane in response to a uniform stimulation, suggesting that cells can respond in various directions without an extracellular directional cue from a gradient. We found that a cAMP gradient induced a persistent and graded G-protein activation on the inner membrane, which provides spatial cues to generate a polarized PH Crac -GFP translocation through the temporal biphasic pattern that specifically occurred in the front side, indicating that the gradient sensing machinery is able to determine the preferred direction of a polarized response independent of cell polarity and the actin cytoskeleton in D. discoideum cells. We interpret a gradient-induced PH Crac -GFP translocation response as a two-step process consisting of an "activation and adaptation" step, during which a cell transiently responds to a sudden increase in receptor occupancy, followed by an "amplification" step, during which PIP 3 reaccumulates only at the front of the cell.
When a cell is exposed to a gradient, PI3K is enriched at the membrane in the front whereas membrane-bound PTEN accumulates in the back (Funamoto et al., 2002; Janetopoulos et al., 2004) . However, this simple redistribution of PTEN and PI3K could not fully explain the details of the biphasic response observed in our study. Several possible models are discussed below.
In our view, the "activation and adaptation" step is similar to the response to uniform stimulation: G-proteins dissociate, PI3K is recruited and activated (Funamoto et al., 2002; Huang et al., 2003) , and PTEN dissociates from the membrane (Funamoto et al., 2002; . As a result, PIP 3 levels increase along the entire perimeter of the cell in proportion to the cAMP level at each point along the membrane. PI3K activity is then downregulated because of inhibitor recruitment to the membrane, a process that must be strong enough to result in a decrease of PIP 3 levels even though the amount of membrane-associated PTEN has not yet returned to its prestimulus level (Funamoto et al., 2002) . The gradual redistribution of PTEN away from the front of the cell, which has recently been observed in latrunculin-treated D. discoideum cells (Iijima et al., 2004) , is presumed to result in the second rise of PIP 3 in that region. In response to a gradient with lower absolute concentration of cAMP, we observed a smaller decline after the first peak (Figure 8 ). The biphasic response reported here, which we suggest arises from differential rates of PI3K inactivation and redistribution of PTEN at the front of the cell, had been predicted by a computational model before the experiment (Meier-Schellersheim, unpublished results). Interestingly, the second increase of PIP 3 levels in the front of the cell reaches a peak and declines a little after some time and PIP 3 in the back of the cell does not decay indefinitely in spite of the highly polarized distribution of PTEN. If we assume that the loss of PTEN from the front is not accompanied by a loss of PI3K, then the PI3K-inhibiting activity we postulate must be regulated by local, rather than global, feedback mechanisms; this would result in a stronger suppression of PI3K activity (as opposed to concentration) in the front and a much weaker suppression of its activity in the back, accounting for the limitation of PIP 3 accumulation in the front and the stabilization of PIP 3 levels in the back.
The putative inhibitor(s) remain(s) to be identified. Among the candidates are Ras GTPase-activating proteins (RasGAP). RasGAP binds PIP 3 on the cell membrane following activation of PI3K (Lockyer et al., 1999) . The recruitment of this molecule would contribute to a negative feedback loop by deactivating Ras, an activator of PI3K (Insall et al., 1996; Tuxworth et al., 1997; Funamoto et al., 2002 , Li et al., 2003 Meili and Firtel 2003; Xu et al., 2003) . Biochemical identification of the proposed PI3K inhibitor, whether Ras-GAP or another molecule, would allow for new fluorescence microscopy experiments that assess G-protein activation, PIP 3 dynamics, PTEN and PI3K distribution, and PI3K inhibitor location in a single cell to rigorously test our model.
Other models may also explain the biphasic response. For example, if receptor activation would elicit a transient increase in PTEN activity (as opposed to membrane localization), this could result in a transient decrease in PIP 3 level on the whole cell membrane, and redistribution of PTEN to the back side of the cell could result in a PIP 3 reaccumulation only at the front of the cell. When PIP 3 levels in both the front and back of a cell reach the steady-states and the cell becomes biochemically polarized, the level of PTEN in the front is low (Funamoto et al., 2002; , whereas the PI3K amount in the front remains very high (Funamoto et al., 2002) . It is possible that PIP 3 level in the front do not keep raising indefinitely because diffusion of PIP 3 is fast enough to bring it to PTEN that then degrades it. Alternatively, a reduction in the level of PIP 2 , the substrate of PI3K, on the membrane may limit the rise of PIP 3 in the front. However, this seems unlikely because PIP 2 is unlikely a limiting factor because the level of PIP 2 is several hundred fold higher than that of PIP 3 in the plasma membrane .
Gradient Sensing, Cell Polarity, and Chemotaxis
Although we investigated gradient sensing in the absence of preexisting cell polarity, chemotaxing cells are polarized, and many signaling components are asymmetrically distributed in such cells. In neutrophils and D. discoideum, Rac and CDC42 play different roles in the regulation of PIP 3 in various regions of polarized cells (Butty et al., 2002; Li et al., 2003; Meili and Firtel, 2003; Xu et al., 2003; Park et al., 2004) . It has been proposed that PIP 3 and Rac serve as signals in a positive feedback loop that enhances PIP 3 production at the leading edge of a polarized chemotaxing cell Welch et al., 2002; Srinivasan et al., 2003) . Another mechanism leading to intracellular polarization in mammalian cells is the generation of divergent signals by different receptor-activated heterotrimeric G-proteins in the leading and trailing edges of a cell: in the front, GPCR-activated G i lead to production of PIP 3 , activate Rac, and induce polymerization of actin; in the back, the same receptor stimulates G 12 and G 13 , which mediate the inhibition of the responses occurring at the leading edge (Xu et al., 2003) . Both mechanisms require a polarized morphology before a cell is able to amplify chemoattractant gradients. The actin-independent biphasic response we observed allows a cell to localize biochemical responses before it becomes morphologically polarized. After morphological polarization occurs, other mechanisms may further enhance a cell's gradient sensing ability during chemotaxis.
